An analytical method for dimethyl sulfoxide (DMSO) in aqueous samples at nanomolar levels has been improved. DMSO was reduced to dimethyl sulfide (DMS), concentrated on an adsorbent, and measured by gas chromatography. In the presence of iron chloride, the sodium borohydride (NaBH4) reduction of DMSO proceeded smoothly and efficiently, and the repeatability of this reaction was significantly improved. The detection limit was 0.27 nM for DMSO, and its repeatability of the peak-area measurement was 4.1% as RSD (n = 5).
Introduction
Dimethyl sulfoxide (DMSO) is used as an organic solvent, but is also produced from natural processes. DMSO was found at the nanomolar level in seawater 1 and at the micromolar level in beverages, 2 such as tea and wine. 3 Because of its high concentration in seawater, DMSO has been recognized as a potential source, or sink for dimethyl sulfide (DMS), which plays an important role in the sulfur cycle on the earth. 4, 5 As analytical methods for the determination of DMSO, mass spectrometry, 6 gas chromatography (GC), 7 and an electrochemical biosensor 8 have been reported, but the determination methods for DMSO in aqueous samples at the nanomolar level were limited because of the properties of DMSO, such as high miscibility in water and low volatility. Among the GC methods, purge-and-trap analysis for DMSO has been mainly used. In this method, DMSO is reduced to DMS, and then DMS is concentrated on an adsorbent and measured by GC-FPD with a thermal desorption injector (TCT). The reduction methods of DMSO to DMS by metal ions, such as Cr(II), Sn(II), organic reagents, and an enzyme, have been reported. 7 Among them, the enzymatic reduction of DMSO by DMSO reductase showed high repeatability (precision 2%) and sensitivity (0.16 nM), 10 but the enzyme is not commercially available. The reduction method using sodium borohydride (NaBH4) was often used, and its analytical features for DMSO has been recently improved (mean precision 11%). 11 We selected NaBH4 as a reductant, and the reaction conditions were examined. In principle, NaBH4 alone can not react with sulfoxide but can associate with various co-reagents, such as CoCl2 and TiCl4 for sulfoxide reduction. 9 In environmental studies, 12 hydrochloric acid was often used with NaBH4, but the repeatability of the reaction yield was low. 13 In fact, since the addition of hydrochloric acid caused the vigorous production of hydrogen gas, control of the solution pH was difficult, which was a critical factor concerning the reliability of the results. 13 In the course of our study on DMSO analysis, we found that in the presence of metal ions, such as Co(II), Cu(I), and Fe(II, III), the DMSO reduction proceeded smoothly and efficiently. Hence, in this paper, an improved method for DMSO analysis by NaBH4 with iron ion as a co-reagent is described.
Experimental

Chemicals
Dimethyl sulfoxide (DMSO), sodium borohydride (NaBH4), and iron chloride (FeCl3) were purchased from Wako Pure Chemicals (Tokyo, Japan).
Dimethyl sulfoniopropionate (DMSP) was obtained from Tokyo Chemical Industry (Tokyo, Japan). The TENAX-TA porous polymer (20/35 mesh) was from GL Science (Tokyo, Japan).
Instruments
The GC instrument (5890 II; Hewlett-Packard, USA) equipped with FPD, a thermal desorption cold-trap injector (Chrompack CP-4020) and a column were used for the determination of DMSO. The capillary column (GS-Q; 0.53 mm × 30 m) and the capillary cold trap (GS-Q; 0.53 mm × 0.35 m) in the thermal desorption injector were purchased from J&W Scientific (California, USA). The GC oven temperature was programmed to set at 100˚C for 1 min and to increase from 100˚C to 150˚C at a rate of 5˚C/min. The detector temperature was 240˚C. Helium was used as a carrier gas for TCT and GC at a flow rate of 5 ml/min.
Preconcentration and measurement
The preconcentration apparatus was set up as in Niki's report 14 with some modification. The reaction tube was a glass tube (50 ml) with an injector port. The U-shape glass tube and the preconcentration glass tube were 3 mm i.d. These glass units were attached to a silicone tube (4 mm i.d.). The preconcentration glass tube (6 cm in length) was filled with TENAX-TA and plugged with silica wool. TENAX-TA in a glass tube was cooled with a hand-made condenser consisting of a silicone tube filled with a coolant as a coiled condenser. Both edges of the tube were kept at room temperature in order to avoid moisture absorption when the tube was removed. During pre-concentration, nitrogen gas was used as a carrier and kept flowing at 80 ml/min. After the capillary cold trap was precooled at -185˚C, the preconcentration tube was attached to the TCT. The TCT oven was heated up to 150˚C, and the sample was re-concentrated in a cold-trap capillary. Next, the cold-trap capillary was rapidly heated up to 150˚C at a rate of 15˚C/s, and the sample was injected into a capillary column.
Results and Discussion
In the purge-and-trap GC analysis, DMSO is reduced and measured as DMS by GC-FPD (Fig. 1, Eq. (1) ). However, DMS at the nanomolar concentration is difficult to handle because DMS is a volatile compound with low miscibility in water. Therefore, DMSP was often used as a standard compound for the determination of DMS 10 because DMSP is quantitatively decomposed in NaOH solution into DMS and acrylic acid (Fig. 1, Eq. (2) ). Thus, in the present experiment, the total system was calibrated by using DMSP before the measurement of DMSO.
A schematic diagram of the purge and trap DMSO analysis system is shown in Fig. 2 . The purge system consisted of a reaction tube, a water elimination unit, and a preconcentration unit. First, the samples were purged with nitrogen gas, and a reductive reagent was injected through the silicone septum with a gas-tight syringe. DMSO was reduced to DMS, and was stripped from the water sample and carried with the purge gas into the U-shaped glass tube, which was cooled at -25˚C to remove water. DMS was preconcentrated at the glass tube filled with TENAX-TA (-10˚C). After the sample was purged, the glass tube was removed from the preconcentration unit and attached to the TCT injector. Next, the DMS was thermally desorbed, re-concentrated in a cold trap capillary, and then injected into GC.
First, DMSP was measured as the standards for DMS. The signal intensity of FPD could be correlated with the mass of sulfur by the n power (1.5 < n < 2.5). 6 The plots were fitted with a quadratic approximation curve (r 2 = 0.997; data not shown). These results indicate that this system was reliable for DMS detection.
In order to optimize the reduction conditions in DMSO analysis, the amount of co-reagent in the DMSO reduction reaction was examined. As shown in Fig. 3, 30 µM of iron chloride were sufficient for the reduction of 10 nM DMSO solution (30 ml). The reaction was performed at 80˚C for 30 min. The calibration curve for DMSO analysis obtained is shown in Fig. 4 . The precision at the 0.27 nM of DMSO was 4.1% (n = 5). In the presence of iron chloride, the DMS gas was produced smoothly, and the repeatability of the reaction yield was greatly improved.
The effect of the co-reagent on the yield of NaBH4 reduction is summarized in Table 1 . These data show that the co-reagent was necessary for DMSO reduction by NaBH4. The addition of hydrochloric acid resulted in a poor yield by the present system. On the other hand, good yields were obtained by the addition of iron chloride.
Conclusion
The reduction of DMSO proceeded smoothly and efficiently by the addition of iron ion, and the repeatability was improved. In the previous method, the controlling pH was a critical factor for Fig. 3 Effect of FeCl3 on the recoveries of DMSO. DMSO was detected as DMS after NaBH4 reduction in the presence of FeCl3. NaBH4 (45 mg) was dissolved in water (1 ml) and injected to the sample solutions (10 nM DMSO). The solutions were purged for 30 min at room temperature.
the reduction yield, but the present method can be performed without any attention to the reaction pH and the timing of the co-reagent addition. Moreover, this method is simple compared with the enzymatic reduction method, and thus may be applicable to the determination of DMSO in various samples. Calibration curve for DMSO in the NaBH4 reduction method. NaBH4 (45 mg) and FeCl3 (30 mmol) were added to the sample solutions. The sample solutions were kept at 80˚C for 30 min. Table 1 Effects of co-reagents on DMSO reduction with NaBH4 a a. The concentrations of DMSO and DMSP in the sample solutions were 10 nM (30 ml), and they were purged for 30 min at 80˚C. NaBH4 (1.18 mmol), HCl (7.83 mmol), FeCl3 (30.0 µmol) and NaOH (5.00 mmol) were used. b. The reaction was performed at room temperature. The heating slightly shortened the reaction time, but it did not influence the reduction yield. 
